We present quasi-simultaneous, multi-frequency VLA observations at 4.8, 8.4, and 22.5 GHz, of a sample of 13 Wolf Rayet (WR) stars, aimed at disentangling the nature of their radio emission and the possible detection of a non-thermal behavior in close binary systems. We detected 12 stars from our sample, for which we derived spectral information and estimated their mass loss rates. From our data, we identified four thermal sources (WR 89, 113, 138, and 141), and three sources with a composite spectrum (similar contribution of thermal and non-thermal emission; WR 8, 98, and 156). On the other hand, from the comparison with previous observations, we confirm the non-thermal spectrum of one (WR 105), and also found evidence of a composite spectrum for WR 79a, 98a, 104, and 133. Finally, we discuss the possible scenarios to explain the nature of the emission for the observed objects.
INTRODUCTION
Wolf Rayet (WR) stars are evolved, massive stars that are losing their mass rapidly through strong stellar winds (Conti 1976) . In this scenario, hot, massive OB stars are considered to be the WR precursors that lose their external layers via stellar winds, leaving exposed their He-burning nuclei and H-rich surfaces. The stellar winds of WR stars display high mass-loss rates [Ṁ ≈ (2-5) × 10 −5 M ⊙ yr −1 ] (e.g. Abbott et al. 1986, hereafter AB86; Crowther et al. 1995; Leitherer et al. 1995 and high terminal velocities [v ≈ (1000 − 2000) km s
−1 ] (e.g. Crowther et al. 1995) . These stellar winds reveal themselves at several frequency ranges, e.g., tracing the terminal velocity in the P Cygni profiles in UV (Crowther et al. 1995) , or showing an excess of emission at IR and radio frequencies (e.g. AB86, Contreras et al. 2004 ).
At radio frequencies, the excess of emission is associated with the contribution of the free-free thermal emission coming from the ionized and expanding envelope formed by the stellar wind. Early studies by Panagia & Felli (1975; hereafter PF75) , and Wright & Barlow (1975; hereafter WB95) found that the thermal radio emission of an ionized, spherically symmetric, steady wind with an electron density profile, n e ∝ r −2 (r being the distance from the central star), follows a power-law with frequency, S ν ∝ ν α , with a positive spectral index α ≈ 0.6 (hereafter this stellar wind is referred to as "standard" wind). These authors also derived simple, useful relations between observable quantities, the flux density S ν and the mass-loss rateṀ of the star. On the other hand, negative and flat (α ∼ 0) spectral indices are also observed in massive stars. These spectral indices are thought to be an indication of a composite spectrum, with a thermal plus a non-thermal contribution. The non-thermal emission is thought to be synchrotron emission produced by relativistic electrons, which have been accelerated either in strong shocks within the stellar wind, for single stars (White 1985) , or in a wind-collision region (WCR) between the stellar components for binary systems (WR+0; Usov 1992 , Eichler & Usov 1993 . Therefore, radio observations can to determine bothṀ and, through simultaneous multi-frequency observations, the spectral index α, which characterizes the emission process.
In this way, observations can allow to identify the presence of both thermal, and nonthermal emission in WR stars (AB86, LC95, LC97, Chapman et. 1999 , Contreras et al. 2004 , Cappa et al. 2004 . For thermal sources, deviations from a standard wind, could result in the spectral index being either steeper (>0.6; Nugis et al. 1998) or slightly flatter than 0.6 (WB95). On the other hand, for non-thermal sources it is unclear whether the conditions to produce synchrotron emission are present in all of these stars. Recently, theoretical (Van Loo 2005) and observational (Dougherty & Williams 2000 , hereafter DW00) studies suggest that non-thermal sources require a binary companion. For the synchrotron emission to be detected, this must be produced within the optically-thin region of both stellar winds , or there must be some low-opacity lines-of-sight in the wind through which we are observing the emission (DW00). For wide binary systems (P>1 yr), the nonthermal detection of the WCR has been supported by theoretical (Dougherty et al. 2003 ) and observational studies (e.g. WR 147, Williams et al. 1997; WR 140, Dougherty et al. 2005) . However, for close (P<1 yr) binary systems, it is unlikely that the emission from the WCR could be detected, since it is expected to be absorbed by the dense WR stellar wind (DW00).
In this paper, we present simultaneous, multi-frequency observations of a sample of 13 WR stars, using the VLA at 4.8, 8.4, and 22.5 GHz, aimed at disentangling the origin of their stellar wind radio emission through the analysis of their spectral index and time variability by comparison with previous observations. In particular, we focus on the possible detection of the WCR emission in close binary systems, and present new observations of two single stars previously classified as non-thermal sources. In Section 2, we describe our observations. In Section 3, we show our results, classification of emission nature, and mass-loss rate,Ṁ , determinations for each of the stars detected in our sample. We discuss our results in Section 4, describing common scenarios for the sources with similar spectrum behavior. Finally in Section 5 we summarize of our main results.
OBSERVATIONS
We performed radio observations of a sample of 13 WR stars, listed in Table 1 , with the Very Large Array (VLA) of the National Radio Astronomy Observatory (NRAO)
1 . Two sets of observations were performed in 2007 while the VLA was in D configuration: we observed five sources on April 21 at 4.8 and 8.4 GHz, and three additional sources on May 6 at 4.8, 8.4, and 22.5 GHz. In March 2008, we observed seven sources with the VLA in C configuration: five of them were new sources and the other two were also observed in 2007 (WR 79a and WR 105).
Data editing and calibration were carried out using the NRAO Astronomical Image Processing System (AIPS) package, following standard VLA procedures. Absolute flux calibration was achieved by observing 3C 48 and 3C 286. The phase calibrators used for each observation and their flux densities at each of the observing frequencies, as well as the uncertainties from the calibration, are given in Table 2 . For WR 105, self-calibration at 22.5 GHz allowed us to improve the phase calibration of this source. However, for the rest of the sources self-calibration was not possible because of the weakness of the sources. Expected off-source rms of ∼ 50 and ∼ 40µJy/beam at 4.8 and 8.4 GHz respectively, and ∼ 60µJy/beam at 23 GHz, were successfully achieved for most of the sources, with an on-source time of 15 minutes at 4.8 and 8.4 GHz, and of 30 minutes at 22.5 GHz. However, the observations of WR 79a, 89, 104, and 105, which were obtained with the VLA in D configuration, suffered from sidelobe contamination, resulting in an increase of the rms noise. We improved the rms of those images by excluding the short baselines in the AIPS-IMAGR (UVRANGE=3,0). We used the AIPS-IMFIT procedure in order to fit the position and flux density of the detected sources. Since the sources are not expected to be resolved, we fixed in IMFIT the standard parameters for unresolved sources. We took a box size approximately twice the beam size of each image. This procedure fits a 2D-Gaussian to the sources and estimates the position of the maximum, the total flux density, and the errors of these determinations. The error estimated by IMFIT considers both the quality of the fit and the image rms.
We present in Table 3 the position, total flux density, and spectral indices obtained for the 12 detected sources. The flux density uncertainties were calculated considering both the IMFIT error estimates and 2% calibration uncertainties at 4.8 and 8.4 GHz, and 5% at 22.5 GHz. Note that the rms noise of the image is the dominant contribution to the error budget. The upper limits of the undetected sources were taken as three times the rms noise.
We also used unreported archival VLA data for WR 105 and WR 133, searching for a possible variability in their radio emission which would indicate a likely non-thermal origin. For WR 105 we used VLA observations in B configuration taken on November 20, 1999 at 1.4, 4.8, and 8.4 GHz, and on November 27, 1999 at 4.8, 8.4 and 15 GHz. For WR 133, we analyzed observations on May 31, 1993 at 1.4, 4.8, and 8.4 GHz, when the VLA was in BC configuration. We should note that the VLA configuration was not relevant for our purpose, since we were interested only in the flux density of the stars, which are not resolved at any VLA configuration. We calibrated these archival data in a similar way than our observations, reaching similar values for the rms noise. For WR 105, self-calibration could be performed at all the observed frequencies.
RESULTS

Spectral Index Determinations
We observed a total of 13 WR stars and detected 12 of them at least at one frequency. In Table 3 we present the flux densities of the detected sources at each observed frequency, as well as upper limits for the undetected sources. All the sources were observed quasisimultaneously at different frequencies on the same day, six of them observed in this way for the first time (WR 8, 98, 113, 138, 141 and 156) . Owing to the observed flux density variability for this kind of sources, we point out the importance of the simultaneity in order to correctly determine their spectral index. Using this approach, we derived spectral indices for the eight sources detected at all observing frequencies. We also derived lower limits for the spectral indices of the remaining four sources that were detected at least at one frequency, but with only an upper limit for the flux density at another. When only two frequencies were available, the spectral index was determined using the logarithmic ratio of the flux densities and the observing frequencies. Otherwise, when three frequencies were available, we used a linear regression fit weighting each data point by its error. For WR 133 we have not used the data at the lower frequencies to determine its spectral index. The archival data at 1.4 GHz had a large rms noise, which prevented us from fixing a reliable upper limit for its flux density. On the other hand, our 4.8 GHz data did not allow us to determine an upper limit to the flux density, since WR 133 is diluted by the unresolved emission of a source to the northeast of the WR 133 position.
Disentangling the Nature of the Emission
The thermal stellar winds are expected to have spectral indices ∼ 0.6 (WB75, Nugis et al. 1998 ). On the other hand, in non-thermal WR stars, the contribution of the thermal emission from the stellar winds combined with a non-thermal component from the WCR, will result in a total spectrum characterized by spectral indices < 0.6 (e.g. Eichler & Usov 1993) . This non-thermal emission is expected to be modulated by the orbital motion of the system, resulting into variability of the total spectrum (e.g. WR 140; Dougherty et al. 2005) with a periodicity related with the orbital period.
In order to classify the nature of the WR radio emission, we have determined i) the spectral index for each source and observing epoch and ii) the presence of variability by comparing all the flux density measurements from the different observing epochs. We considered the existence of flux density variability when the differences in the flux densities between two or more epochs are higher than 3σ. For the spectral index, we use a conservative 3 σ criterion as a significant difference. Optically-thin thermal emission (for which α ∼ −0.1) is not expected for these massive stars at these frequencies (DW00). In this way, we classified our sources as follows:
• Thermal (T; free-free thermal emission): sources with a spectral index > ∼ 0.6 for all the observing epochs.
• Non-thermal (NT; dominant non-thermal emission): sources that showed a spectral index < ∼ − 0.1 for at least one observing epoch, as well as variability in their emission.
• Composite (T/NT; thermal+non-thermal): sources that presented spectral indices higher than -0.1 but flatter than 0.6 (for at least one observing epoch), as well as variability in their emission.
Applying these criteria to the spectral indices and flux densities determined from these and previous observations, we found that at least four sources are T (WR 89, 113, 138, and 141) , one is NT (WR 105), and three present a T/NT behavior (WR 8, WR 79a, and 156).
For the rest of the sources we have relaxed those criteria (WR 98, 98a, 104, and 133), since their strict application would mask important characteristics of these sources. For WR 98a and WR 104, we have also considered the modeling of the emission presented by Monnier et al. (2002) , and classified them as T/NT sources. For WR 98, the first determination of the spectral index is not conclusive about its spectrum; therefore, we also have taken into account the short time variability (15 days, see Table 4 ) at 4.8 GHz as a plausible indication of a possible non-thermal emission and a tentative T/NT nature. For WR 133, it is difficult to infer a variability in the spectrum from the two spectral index determinations, since those were determined from different frequency ranges (see Table 4 ). However, we should point out that the lower frequency range of WR 133 shows a tendency towards a non-thermal spectrum in the 1993 epoch. Therefore, we classified WR 98 and WR 133 as tentative T/NT sources.
Summarizing, we have found four T (WR 89, 113, 138, and 141), one NT (WR 105), and seven T/NT sources (WR 8, 79a, 98, 98a, 104, 133, and 156) .
Mass-Loss Rates
As we mentioned in Section 1, it is possible to estimate the free-free radiation emitted from ionized extended envelopes. PF75 and WB75 assumed a "standard wind" (steady and completely ionized, with electron density profile n e ∝ r −2 , and expansion velocity v ∞ ), and showed that its flux density at radio frequencies follows a power law with frequency as S ν ∝ ν 0.6 . Furthermore, those authors derived a general expression for the mass-loss rate, M , in terms of observable quantities,
where v ∞ is the terminal velocity of the stellar wind, d is the distance to the star, ν is the observed frequency, and g ν is the free-free Gaunt factor. The parameters µ, Z and γ are the mean molecular weight, the average ionic charge, and the mean number of electrons per ion, respectively.
In Table 5 , we presentṀ determination using equation (1) for the 12 sources of our sample detected at 8.4 GHz. Those determinations were done by assuming a standard stellar wind with a filling factor, f = 1; however, deviations from such assumptions might lead into an overestimation ofṀ .
For the sources identified as NT and T/NT, the additional contribution to the thermal stellar wind emission would cause an overestimation for theṀ values. On the other hand, for the T sources, although their spectral indices higher than 0.6 suggest an overestimation forṀ , their impact is not expected to be significant at this frequency (Montes et al. in preparation) . Therefore, these determinations can be considered reliable, at least for the T sources.
The values µ, Z, and γ were taken from CG04. For WR 138 and WR 141 we adopted the values of WR 133, since they share the same spectral type, WN5. We compute g ν from equation (3) within Leitherer & Robert (1991) , adopting T e = 10 4 K (deviations from this temperature have minor effects on g ν ). The terminal velocities v ∞ and distances d of the stars were obtained from the van der Hucht (2001) WR catalog. We estimated the uncertainties for each parameter in Table 5 using the same criteria as in LC97. For the parameter d we assumed a 20% error based on the cluster/association membership of the star, otherwise 40% errors are assumed (0.09 and 0.25 dex, respectively). For the errors in v ∞ we assume 10% (0.04 dex). The error obtained in g ν is about 10%. Finally, for µ, Z, and γ we assumed an error of ±0.08 dex, as in CG04. Therefore, following the equation (5) in LC97 for thė M uncertainties, we obtained a typical logarithmic error of 0.21 for the stars considered in cluster/association and 0.41 for the rest (WR 98, 98a, 104, and 156).
We compared our results forṀ with those previously reported by Cappa et al. (2004) , we calculated the averageṀ for each of the main spectral types in the sample,Ṁ (WN) = (3.05 ± 2.21) × 10 −5 M ⊙ yr −1 andṀ (WC) = (3.07 ± 2.73) × 10 −5 M ⊙ yr −1 , for WN and WC respectively. We compared and found these values to coincide within the errors with those presented by Cappa et al. (2004; Ṁ(WN) 
. Nevertheless, this coincidence must be taken carefully due to the expected overestimation ofṀ mentioned above.
DISCUSSION
The results of our observations presented in Section 3 provide relevant information about the nature of the radio emission of the 12 detected WR stars. The detected flux densities and spectral indices displayed by the sources of our sample indicate the existence of thermal, non-thermal dominant, and composite spectrum sources.
For the sources identified as thermal (WR 89, 113, 138 , and 141), we found spectral indices ∼ 1. In a single star context, when the radio-continuum spectrum is consistent with thermal emission, the deviations of the expected 0.6 value for an isotropic wind (PF75 and WB75) may be caused either by the presence of condensations (clumps) that produce non-standard electron density profile (n ∝ r −s ; with s = 2), or by internal shocks which result from variations in the wind parameters at injection (see González & Cantó 2008) . Specifically, spectral indices higher than 0.6, may be the result of density profiles that fall off more rapidly than n ∝ r −2 . On the other hand, for close binary systems, although the non-thermal emission from the WCR is expected to be absorbed by the WR stellar wind, the hot and dense shocked gas within the WCR might be able to contribute to the thermal radio spectrum (Stevens et al. 1995 , Pittard 2009 ). Moreover, in these kind of systems, it is possible that the WCR turns radiative, resulting in a dense and optically-thick thermal emitting structure with a positive spectral index ( > ∼ 1) (Pittard 2009, Montes et al. in preparation) . The nature of the WCR can be quantified through the ratio of the cooling time-scale for the shocked gas to the dynamical time-scale for it to flow out of the system χ ≈ v Stevens et al. 1992) . In this way, the WCR can be either radiative (χ < 1) or adiabatic (χ > ∼ 1). For the binary thermal sources in our sample, D < 1 AU which implies χ < 0.5, according to the stellar wind parameters given in Table 5 . This suggests a radiative WCR with a thermal contribution to the spectrum, which might be able to turn its spectral index into such positive values. Therefore, for WR 113, 138 and 141, although their high spectral indices (∼ 1) might result from a clumpy single stellar wind, it is also possible that such spectral indices are also indicating a binary star system. Moreover, for WR 141 there seems to be evidence for the presence of a WCR region from observations at other frequencies (X-rays, Oskinova 2005 , and spectral analysis, Moffat et al. 1996) .
On the other hand, the non-thermal indications of the single stars WR 79a (T/NT) and WR 105 (NT) have no clear explanation. A non-thermal component in WR stars seem to be closely related to the binary nature of the star. DW00 analyzed the radio emission of a sample of 23 WR stars. They found that most of the sources with a non-thermal signature were binary systems, which suggests that binarity is intrinsically related to the detection of non-thermal emission. In this scenario non-thermal emission is thought to be produced within a WCR between the two stellar components. However, WR 79a and WR 105 do not show any evidence of binarity (Marchenko et al 1998) . Van Loo et al. (2006) presented a study of the non-thermal emission produced by wind-embedded shocks resulting from instabilities within a single O-type stellar wind (also applicable to WR stars). They found that the radial decline of the shock strength (velocity jump and compression ratio) produces a rapid decrease of the synchrotron emission, becoming negligible at those radii where the stellar wind becomes optically-thin. This rules out the detection of a non-thermal component in a single star. Moreover, as pointed out by DW00, proving that a star is single is very difficult, and we cannot rule out the presence of a companion in these stars. Since detectable non-thermal emission depends, in part, on the binary separation and the inclination angle of the system (e.g. WR 140 Dougherty et al. 2005) , the detected flux density is expected to be modulated by the orbital motion, showing variability with a periodic behavior. Therefore, the observed variability in the spectra of WR 79a and WR 105 might be an indication of binary systems. Observations of WR 105 show variability in its 4.8 GHz flux density over a period of time of ∼ 14 yr. For WR 79a the emission at 8.4 GHz increases ∼ 50% between 2001 and 2005 observations (see Table 4 ). However, shorter variability time-scales in those sources can not be ruled out, as observations do not allow for a precise determination of their variability time scale and orbital period.
The tentative T/NT sources WR 98 and WR 133, are close binaries with periods of 47.8 and 112.4 days, respectively. Assuming a total mass for the system M = 50 M ⊙ , the semi-major axis of the orbits are ∼ 1 AU and 1.7 AU, respectively. Non-thermal emission arising from a WCR in these systems must be within the optically-thick region of the WR stellar wind ( > ∼ 30 AU at 4.8 GHz; from equation (25) in PF75) and then not detectable. This seems difficult to reconcile with the tentative T/NT behavior displayed by WR 98 and WR 133. In fact, the short periods of these systems make it unlikely that the separation between the components (D) increases (even for a high eccentricity), at least to those radii required for non-thermal emission to escape the absorption (∼ 30 AU). analyzed the thermal emission arising from non-radiative WCR (according to Stevens et al. 1992) , and pointed out that thermal emission from the WCR may increase when D decreases (see Figure 11 in , contributing significantly to the total thermal flux, and resulting in a spectrum that may mimic a non-thermal contribution. In this scenario, an enhancement of 40% in the flux density (at 4.8 GHz) of the system WR 98 would suggest a decrease of 29% in the separation D (since the thermal emission from the WCR is expected to scale as D −1 ). However, a WCR within this system would be roughly isothermal (χ ∼ 0.1) with a positive thermal spectrum (Montes et al. in preparation) . Therefore the tentative T/NT behavior for WR 98 is likely to be non-thermal emission from the WCR that is able to escape the absorption at certain orbital phases. On the other hand, for WR 133 the WCR is likely to be adiabatic (χ > ∼ 1) with a flat thermal spectrum (see . For WR 133 the presence of WCR is also supported by the strong emission at X-ray energies (Oskinova 2005) and optical spectroscopic analysis (Underhill & Hill, 1994) . However its influence at radio frequencies remains unclear, since the high errors of the spectral indices and the lack of observing epochs do not allow to infer any variability. Detailed theoretical models are required to determine whether a spectrum like T/NT can be reproduced entirely by thermal emission or the non-thermal emission is able to be detectable for these systems.
WR 98a and WR 104 are well known colliding-wind binaries with an expanding dust spiral, called 'pinwheel nebulae' , Tuthill et al. 2008 . Monnier et al. (2002) modeled their radio emission taking into account a thermal plus an absorbed non-thermal component. At 8.4 GHz, we detected WR 98a, but only marginally WR 104. However, we have not detected either of these sources at 4.8 GHz, probably as a consequence of the strong absorption of the non-thermal emission described by Monnier et al. (2002) . This absorption, and the lack of information about the flux density at higher frequencies, are likely to be the reason for the high value of the lower limits for their spectral indices.
Finally, although we classified WR 8 and WR 156 as T/NT, we can not completely rule out a single thermal wind origin of the observed emission. The binarity of WR 8 have been questioned by Crowther et al. (1995) . Moreover emission variability was only marginally determined from our criterion, and the uncertainty of its spectral index is high. The same occurs for the flux density and spectral index determinations of WR 156. Further radio observations of both stars are needed to confirm its emission nature.
SUMMARY
We have presented simultaneous, multi-frequency observations of 13 WR stars at 4.8, 8.4, and 23 GHz. We have detected 12 of the observed sources at least at one frequency. The simultaneity of our observations have allowed us to obtain a reliable spectral index determination. In this way, we have determined spectral indices for eight, and lower limits for four of our 12 detected sources, being for six of them the first determinations. From the observed flux densities, spectral index determinations, and the comparison of our results with previous ones, we have disentangled the nature of the emission in these WR stars. We have also presentedṀ determinations, using our 8.4 GHz VLA flux density measurements. Those mass-loss rate estimates are consistent with values previously determined for WR stars.
We have classified WR 89, 113, 138, and 141 as thermal sources, for which α > 0.6. We suggest different scenarios to reproduce the observed values for the spectral index. Such scenarios are mainly characterized by deviations from the standard wind, such as a different dependence with r for the electron density profile (s = 2), variability of bothṀ and v ∞ , and/or the influence of a binary companion. WR 105, is likely a NT source owing to their significant flux density variability and the negative spectral index for at least one observing epoch. WR 8, 79a, 98, 98a, 104, 133, and 156 show indications for a composite spectrum (T/NT).
The origin of the non-thermal signature for some of the sources of our sample is not completely clear, neither in the single stars (WR 79 and WR 105), nor in the close binary systems (WR 8, 98, and 133) . The non-thermal signature in the WR 79a and WR 105 spectrum (thought to be single stars), could be explained by the presence of an undetected companion star. We also note the importance of carrying out a radio monitoring of the close binary systems WR 98 and WR 133. In fact, in case the flux density variability had a periodic behavior in those systems, and the period would happen to coincide with their orbital periods, this would unambiguously point to a binary origin of their NT signature. √ 3, 9, ... the rms noise. The rms noise is ∼ 50 µJy, except for WR 104 and WR 105 for which is ≈2 times higher, owing to their low declinations and the influence of extended sources within the field of view. The synthesized beam is drawn at the bottom left of each image. In each panel, the plus sing marks the optical positions of the star (we note that the size does not represent the uncertainty in the position). The cross-sign in the WR 133 image marks the peak of the emission at 4.8 GHz. Note. -Upper limits of the undetected sources were fixed as three times the rms noise of the map. For WR 133 at 4.8 GHz the upper limit was fixed from the peak of the unresolved emission. The α errors were estimated from, ∆α 2 = [(∂α/∂S 1 )∆S 1 ] 2 +[(∂α/∂S 2 )∆S 2 ] 2 , for two frequency determinations of α, and from the error of the weighed linear regression fit used for the three frequency determinations. See Section 2 for details about the error of the flux densities determinations. Lines separate the observing epochs. Note. -The whole frequency range observed was used for the spectral index and lower limits determinations, except for WR 133, for which the upper limits of the flux densities at the lower frequencies were not taken into account. For all the sources spectral classification was done over the whole group of observations. (T) Thermal. (NT) Non-thermal. (T/NT) Composite, thermal+non-thermal. (T/NT?) tentative composite. Spectral classification criteria used:
a According to the criteria described in section 3.2.
b Study presented in MT02 c According to the criteria described in section 3.2 and the short time variability ∼15 days in the density flux.
d According to the criteria described in section 3.2 and the flat tendency of the spectral index determination at the lower frequency range. Note. -The logarithmic error in theṀ estimates are 0.21 for the stars considered in cluster/association, and 0.41 for the rest (WR 98, 98a, 104 and 156) .
